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Coastal communities commonly expend resources on the conservation of dunes to protect 
infrastructure from storm waves and flooding. Predicting dune erosion is increasingly important 
as coastal populations increase, sea-level rises, and storms become more powerful. This study 
configures a storm impact scaling model with oceanographic information from the ADCIRC + 
SWAN model and frequently-collected beach profiles to predict dune-erosion events at three 
barrier islands in North Carolina: Core Banks (dissipative), Shackleford Banks (intermediate), 
and Onslow Beach (reflective). This work emphasizes the importance of constraining beach 
slope, especially at intermediate and reflective beaches to accurately predict dune erosion. The 
beach slope of dissipative beaches tends to be stable, while the slope of intermediate and 
reflective beaches tends to be variable, therefore requiring frequent assessment of beach 
morphology. This finding is useful for identifying areas requiring more resources for beach 
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1. INTRODUCTION  
Coastal hazards such as erosion and flooding expose communities to loss of property, 
infrastructure, and habitats, in addition to societal damage including, loss of personal income, 
displacement of families, and an increase in accidental deaths. Research aimed at better 
understanding those physical processes and associated timescales that drive coastal morphologic 
change during storms informs assessments of risk exposure (Ruggiero et al., 2001; Morton, 
2002; Burroughs and Tebbens, 2008; Stockdon et al., 2013; Long et al., 2014). The vulnerability 
of coastal communities to storms is defined, in part, by the characteristics of the storm (e.g. 
strength, duration, and trajectory), the morphology of the coast (e.g. beach slope, dune elevation, 
and dune width), and the timescales over which morphologic changes occur (e.g. frequency of 
erosion events vs duration of morphologic recovery). Along open-ocean coastlines, dunes 
commonly separate the beach from the built environment and their relatively high elevation 
protects communities by providing a natural barrier from waves and high-water during storms. 
Coastal-dune morphology can be dynamic, subject to wave and current erosion when water 
levels are high, and accretion when wind transports sand along and across the shoreline. 
Forecasting coastal dune erosion is challenging due to the complex interactions between 
sediment transport, beach morphology, vegetation, and fluid dynamics (Short and Hesp, 1982; 
Hesp, 1988; Hesp, 2002; Psuty, 2008; Durán and Moore, 2013). Accurately predicting when 
ocean-water level reaches the base of the dunes and causes erosion, is necessary to assess the 
vulnerability of communities to flooding, and support management practices aimed at increasing 
resilience (Roelvink et al., 2009; Long et al., 2014). 
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The severity and type of storm impact along a beach can be characterized using the storm 
impact scale, including from lowest to highest, swash, collision, overwash, and inundation 
regimes (Sallenger, 2000). The scale is defined by the extreme wave runup, including tide, storm 
surge, and wave runup components (total water elevation), and the elevations of coastal dunes 
(dune toe and dune crest). During the swash, collision, and overwash regimes, total water 
elevation is positioned below the dune toe, between the dune toe and the dune crest, and above 
the dune crest, respectively. During the most severe inundation regime, the beach and dunes 
become completely submerged by storm-induced water levels (Sallenger, 2000). Changing dune 
morphology data (beach slope, dune crest, and dune toe elevations) in combination with the 
storm impact scale (Sallenger, 2000) and existing modeling tools (e.g. Ruggerio et al. 2001, 
Stockdon et al., 2007, 2012, 2013, 2014) are used in approximations of storm impact 
assessments (SIAs). These SIAs estimate the possibility of alongshore collision, overwash, and 
inundation, relying on current measurements of dune morphology, which can often be limited by 
funding, safety concerns, and resource constraints (Casella et al., 2014; Klemas, 2015; Seymour 
et al., 2018). 
Correctly predicting the storm impact regime along a beach will help communities 
prepare for storms and high-water events, but requires accurate information on ocean processes 
and beach morphology, which can be difficult to obtain. Ocean processes data, including water 
level and waves, are available through buoy and tide-gauge observations, but those observations 
are spatially limited and not necessarily indicative of future conditions. Models of waves and 
water levels provide basin-wide metrics, can be run in a forecasting and hindcasting modes, but 
output uncertainty varies spatially and temporally and can be difficult to quantify. To assess 
morphology, researchers mainly rely on LiDAR surveys, but surveys are not always conducted 
3 
 
during the same season as a storm event, and may not accurately represent the true beach slope, 
dune toe, and dune crest elevations, which is an important factor influencing the accuracy of 
predicting storm impact regimes on barrier islands (Morton, 2002; Doran et al., 2015). 
The accuracy of predicting storm impact regimes and the potential for dune erosion may 
differ for reflective, intermediate, and dissipative beaches. For example, moving from reflective 
to dissipative beaches, the beach width and dune height increases, the gradient of the beach face 
decreases, and the frequency and degree of beach morphologic change decreases (Short and 
Hesp, 1982; Wright and Short, 1983; Ruggiero et al., 2001). The dynamic morphology of 
reflective and intermediate beaches can be a major challenge for configuring models with 
accurate dune elevations and beach slopes, and therefore predicting the storm impact regime 
which has been shown to vary alongshore during storm events as beach morphology transitions 
between reflective and dissipative states (Sallenger, 2000; Stockdon et al., 2007; Long et al., 
2014). Stockdon et al. (2007) demonstrated alongshore variability in the storm impact regime for 
two hurricanes that affected North Carolina using the total water elevation (modeled using 
Delft3D-FLOW and SWAN) and a pre-storm beach survey. Comparing the predicted impact 
regime with the inferred impact-regime, based on post-storm surveys, resulted in a prediction 
accuracy of 68.46 - 74.77% for the overwash regime but only 23.21 - 44.01% for the collision 
regime (Stockdon et al., 2007). Lower prediction accuracy for the collision regime was attributed 
to the difficulty in identifying evidence of collision in the post-storm surveys (Stockdon et al., 
2007).  
Collision is important to predict accurately because dune erosion is commonly the result 
of collision, the maximum elevation of barrier islands is commonly the dune crest elevation, and 
extensive dune erosion leads to decreased barrier-island resistance to overwash and inundation 
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during future storms (e.g., Sallenger, 2000; Morton, 2002; Lorenzo-Trueba and Ashton, 2014; 
Wang and Briggs, 2015). The threshold for collision is lower than the threshold for overwash 
and inundation, making collisions occurrence more frequent and not limited to large storms such 
as tropical cyclones. This study is aimed at providing insights that can facilitate improved 
capability to predict the collision regime using storm impact assessments. Unlike many previous 
studies that focus on predicting storm impact regimes at the event temporal scale and large (> 
km) spatial scales (e.g. Stockton et al., 2007; Long et al., 2014), we focus on predicting storm 
impact regime shifts from swash to collision or overwash at individual barrier island profiles on 
monthly timescales, to compare prediction accuracy across different characteristic beach slopes 
and different degrees of time discrepancy between pre-storm survey and storm occurrence. 
Prediction accuracy should decrease as the actual dune elevations and beach slopes deviate over 




2.1 Study Sites  
 We selected the central North Carolina coast for this study because within proximity (75 
km) there exist shorelines with distinct orientations, beach and dune morphologies, and wave 
climates. We collected data at sites on undeveloped beaches, including east-facing south Core 
Banks (Cape Hatteras National Seashore), southwest-facing east Shackleford Banks (Cape 
Hatteras National Seashore), and southeast-facing Onslow Beach (Marine Corps Base Camp 
Lejeune; Figure 1). The sites are on wave-dominated barrier islands with a mean tidal range of 




Figure 1. Location map of the study sites in North Carolina, including: Core Banks, Shackleford 
Banks, and Onslow Beach. Example digital elevation models of each site are at the same scale 
and show locations of beach transects (black lines) and water-level loggers suspended in shallow 
wells (grey circles). Camera traps were installed within 20 m of the wells on the dunes and 
oriented with their field of view aimed along the beach, capturing the wells in each photo. The 
location of the NOAA water-level gauges (grey squares) and a wave buoy (black triangle) used 
in this analysis are also shown.  
 
 Core Banks is a high-energy barrier island and the site is representative of a dissipative 
beach characterized by a gentle beach slope (~0.01-0.04), a wide backshore and foreshore (~60 
m total), and high dunes (~4 m; Short and Hesp 1982; Dolan and Lins, 1985; Riggs and Ames, 
2007). From 1946-2009 the Core Banks Site had an average shoreline erosion rate of 0.64 m/yr 
(http://ncdenr.maps.arcgis.com). The beach site at Shackleford Banks is located adjacent to Cape 
Lookout Bight, an embayment that formed in the 1960s through anthropogenically-induced spit 
migration to the north-northwest (Wells, 1988; Elliott et al., 2015). The spit extends to within 1.5 
km south of the site and refracts ocean waves. The site is characterized by a steep beach slope 
(~0.04-0.1), a narrow foreshore extending to the dune toe (~16 m), and ~3 m-high dunes, 
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representing an intermediate-reflective beach (Susman and Heron, 1979; Short and Hesp 1982). 
Shackleford Banks is one of only a few barrier islands along the U.S. East Coast that faces south, 
and as compared to Core Banks, is less affected by extra-tropical storms (nor’easters), has less 
intense wave energies overall (Heron et al., 1984), and yet our site experienced average shoreline 
erosion of 1.62 m/yr from 1946-2009 (http://ncdenr.maps.arcgis.com). Onslow Beach is 
separated from the mainland by saltmarsh and the Intracoastal Waterway located between the 
New River Inlet to the southwest and Brown’s Inlet to the northeast. Onslow Beach is 
characterized by a highly variable morphology with discontinuous 1-2 m-high dunes at the 
eroding southwestern end and continuous >6 m-high dunes at the accreting northeastern end 
(Short and Hesp 1982; Rodriguez et al., 2012; Theuerkauf and Rodriguez, 2014). The Onslow 
Beach site is an intermediate-reflective beach with a wide range of beach slopes (~0.01-0.1), and 
low-elevation (~1.5 m) dunes. The Onslow beach site experienced average shoreline erosion of 
3.41 m/yr from 1952-2009 (http://ncdenr.maps.arcgis.com) and frequent overwash and washover 
deposition since Hurricane Irene impacted the area in August 2011 (Theuerkauf and Rodriguez, 
2014; VanDusen et al., 2016). 
2.2 Field Data Collection 
2.2.1 Camera Traps and Water Level Loggers  
 Photos and water-level data were sampled at Core Banks and Shackleford banks from 
August 2017-March 2018 and at Onslow beach from June 2012-December 2014. To document 
the storm impact regimes at the sites, we deployed Reconyx Hyperfire HC500 trail cameras. The 
cameras were mounted to fence poles installed on the dune crest and oriented in an along-shore 
direction towards the base of the dunes (VanDusen et al., 2016). Each camera was programmed 
to take a picture every 5 minutes during daylight hours (0700-1900 EST).  
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 At Core and Shackleford Banks, shallow wells were installed seaward of the dune toe and 
at Onslow Beach landward of the dune crest with HOBO water level loggers suspended inside 
(VanDusen et al., 2016). The water-level logger recorded data continuously every 5 minutes at 
Core Banks and Shackleford Banks, while the sampling frequency at Onslow Beach was set to 2-
minute intervals. Sampling frequency was chosen based on digital storage space and the 
accessibility of the sites. The lower sampling frequency at Core and Shackleford banks was due 
to the sites only being accessible by boat, allowing for less frequent data downloads. During 
logger deployment and when data were downloaded, elevation measurements were collected on 
the ground next to the well, and on top of the well using a Trimble RTK-GPS (± 0.5 cm 
horizontal and ± 2.0 cm vertical; VanDusen et al., 2016). The wells were relatively stationary 
throughout the study period, moving vertically a maximum of 0.007 ± 0.023 m at Shackleford 
Banks, 0.057 ± 0.021 m at Core Banks, and 0.016 ± 0.038 m at Onslow Beach (± 1 SD) between 
sensor readouts. A reference water level was determined by measuring the distance from the top 
of the well to the water surface and survey information was used to convert observed water 
levels to the North American Vertical Datum of 1988 (NAVD88; VanDusen et al., 2016). Water 
level data were processed using HOBOware Pro software and corrected for changes in 
barometric pressure at Shackleford and Core banks using meteorological NOAA station 
8656483, located 14 and 18 km away, respectively and at Onslow Beach using a barometric 
pressure sensor deployed at the site (Figure 1).  
2.2.2 Topographic Surveys 
Topography of the Core and Shackleford banks sites were surveyed on the same day 
using an Unoccupied Aerial System (UAS). We used a small fixed-wing senseFly eBee equipped 
with a survey-grade real time kinematic GPS system to capture overlapping images of the sites. 
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The images were collected and processed using the same methods outlined in Seymour et al. 
(2018). The software program Pix4D Mapper was used to generate point clouds from the images 
based on structure from motion (Sfm) and an inverse-distance weighted method to generate 
digital surface models. In total, 14 high-resolution (horizontal and vertical error ~0.05 m) surface 
models (7 at Core Banks and 7 at Shackleford Banks) were generated between April 2017-
December 2017 (Appendix 1). 
Beach morphology at Onslow Beach was surveyed January 2012-October 2014 with a 
Riegl three-dimensional LMSZ210ii terrestrial laser scanner using the same methods outlined in 
Theuerkauf et al. (2014). The site was scanned in two locations on the foreshore within 2 hours 
of low tide to maximize data coverage. Data points were georeferenced using at least 7 reflector 
targets surveyed with a Trimble R8s GPS, with vertical error < 0.03 m. Surface grid models were 
created and imported into Golden Software’s Surfer 10.0 to generate elevation models. 
 Dune vegetation can cause slight overestimates in dune crest measurements based on 
Sfm. Site visits and the time-lapse photographs of Core and Shackleford banks show that 
vegetation did not extend seaward of the dune toe. At Onslow Beach, dune vegetation was 
removed from the point clouds before digital elevation models were created using Merrick’s 
Advanced Remote Sensing (MARS®) software. Dune vegetation might cause overestimates of 
dune crest elevation at Core Banks and Shackleford Banks, which can be important in the 
overwash regime when total water elevations exceed the crest of the dune; however, vegetation 






2.3 Model Inputs 
2.3.1 Defining the Collision Regime  
The storm impact scaling model (Sallenger, 2000) was used to examine the relationship 
between changing beach morphology and the high runup elevation (RHigh), defined as tide + 
storm surge + R2%, where R2% is the 2% exceedance wave-runup elevation (Figure 2; Holman, 
1986; Sallenger, 2000). If the storm impact scaling model is configured correctly, then RHigh 
approximates the total water elevation on the beach. This study specifically focused on collision 
within the storm impact regime scaling model, defined as DLow ˂ RHigh ˂ DHigh, where DLow and 
DHigh are the dune toe and crest elevations, respectively, but we also observed the overwash 
storm impact regime at Onslow Beach, defined as RHigh > DHigh (Figure 2; Sallenger, 2000; Wang 
et al., 2015). The time periods when the sites were in the collision or overwash regimes were 
identified using the photographs. The DLow and DHigh elevations were specified near the wells 
using the topographic data, and RHigh was computed using modeled water level, wave data, and 
beach slope (β; from the digital elevation models). 
For each topographic survey, x, y, and z data were extracted along cross-shore transects, 
projected from the most seaward point of the datasets landward, through the location of the well 
(Figure 1). For each transect, we defined DHigh as the highest elevation (dune crest), DLow the 
elevation where the largest break in slope exists (dune toe), and β using linear regression fit to 
data points between the dune toe elevation and mean high water (MHW; Stockdon et al. 2007; 
Burroughs and Tebbens, 2008; Doran et al., 2015). Based on NOAA gauges 8656483 and 
8658163, MHW is 0.36 m NAVD88 for Core and Shackleford banks and 0.43 m NAVD88 for 
Onslow Beach, respectively. At the Core Banks Site, the beach slope includes a gently landward 
sloping backshore, only inundated during storms and spring tides. Some topographic surveys at 
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Core Banks (April, May, June, July, and September) and Shackleford Banks (April and October) 
did not extend to the MHW line due to data collection not corresponding to low tide (camera 
cannot penetrate the water column). For those surveys, the beach slope was calculated to the 
lowest possible elevation, typically ~0.10 - 0.80 m higher than MHW. 
 
 
Figure 2. An illustration of the collision regime showing DHigh, RHigh, DLow, MHW, and β 
(Modified from Sallenger, 2000 and Stockdon et al., 2007).  
 
2.3.2 Calculating High Runup Elevation (RHigh) 
Calculating RHigh requires estimating R2%. We used an empirical relationship which 
depends on deep water wave height (H0), period (T0), wavelength (L0), and beach slope (β) 
(Holman, 1986; Sallenger, 2000; Stockdon et al., 2006) where: 
R2% = 1.1 (0.35β (H0L0)1/2 + [H0L0 (0.563β2 + 0.004)]1/2 
2 
The equation includes setup and swash, and L0 is calculated as gT02/2π (Holman, 1986; 
Sallenger, 2000; Ruggiero et al., 2001; Stockdon et al., 2006). 
 To calculate RHigh, water level (tide + storm surge) and wave information (for R2%) were 
extracted from the ADCIRC + SWAN model hindcasts for the collision time periods identified 
in the photos. ADCIRC solves for water levels and currents at a range of scales, using the 
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vertically-integrated shallow-water equations on an unstructured triangular mesh (Luettich and 
Westerink 2004; Atkinson et al., 2004; Dawson et al., 2006; Westerink et al., 2008; Dietrich et 
al., 2011). The SWAN model utilizes the action balance equation where the rate of change and 
propagation of wave action are balanced by wind generation and dissipation from bottom friction 
and white capping (Booij et al., 1999; Stockdon et al., 2007; Dietrich et al., 2011). A node was 
selected from the ADCIRC + SWAN grid near each study site at approximately the 20-meter 
bathymetric contour (Figure 1) to minimize impacts from wave shoaling following Holman 
1986. Water level and wave data for each identified collision event were extracted (EST, 
NAVD88) from the selected nodes.  
2.4 Error Assessment 
Measurement error associated with DLow, DHigh, and β values are small because vertical 
error associated with the digital elevation model is ~0.05 m (Seymour et al., 2018). The larger 
uncertainty associated with the topography data is likely related to the unknown change in beach 
and dune morphology that occurred between when a survey was conducted, and a collision event 
occurred. The accuracy of the water-level information (tide + storm surge) that the ADCIRC 
model provides, likely varies under different weather conditions; such as a hurricane directly 
impacting the coast versus high water during a fair-weather spring tide. To better understand 
differences in observed and modeled water-level elevation during the identified collision event 
time periods in 2017 and 2018, water levels from the Wrightsville Beach NOAA gauge 8658163 
were compared to ADCIRC water levels extracted from a node near the gauge (Figures 1 and 3) 
with a root mean squared error (RMSE) of 0.162 m.  
Stockdon et al. (2006) calculated a RMSE of 0.32 m for the expression of R2%. The 
largest uncertainty associated with calculating R2% is associated with modeling significant wave 
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height and period, possibly due to the propagation of long period swell generated outside of the 
ADCIRC + SWAN domain. To calculate differences in observed and modeled offshore wave 
data during the identified collision event time periods in 2017 and 2018, significant wave height 
and dominant wave period from the NOAA National Data Buoy Center station 41159 were 
compared to SWAN significant wave height and peak period extracted from an ADCIRC + 
SWAN node ~9 km from the buoy (Figures 1 and 4). The significant wave height and period 
analysis have fewer data points than the water level analysis because the buoy was inoperable in 
September and October 2017. The observed versus modeled significant wave height show an 
error of 21.6%, while the observed dominant wave period show an error of 24.2%. This results in 
a maximum and minimum R2% error of ± 1.38 and 0.07 m, respectively, applying the maximum 
and minimum H0, T0, and β values in the calculation of R2%. Adding all of the uncertainties 
associated with calculating RHigh in quadrature, including R2%, tide, and storm surge, results in an 
error that ranges between ± 1.42 and 0.36 m for the various waves and beach slopes included in 
this study. 
 
Figure 3. Hindcast ADCIRC water level predictions compared to water-level observations at the 
Wrightsville Beach NOAA gauge station 8658163. See Figure 1 for station location, and 







Figure 4. Hindcast SWAN significant wave height and peak period predictions compared to 
observations of significant wave height and dominant wave period at the offshore NOAA buoy 
station 41159. See Figure 1 for station location, and Appendix 2 for additional information. 
 
 
3. RESULTS AND INTERPRETATION 
3.1 Beach Morphology Changes and Variability Among Sites 
 Using the beach transects, we measured β, DLow, and DHigh at Core Banks, Shackleford 
Banks, and Onslow Beach for each topographic survey conducted during the study periods 





Figure 5. Cross shore beach transects for all topographic surveys obtained for this study at each 
site showing changes in beach morphology through time. Cross-shore distance is measured from 
a common zero point on the foreshore.  
 
The average dune height was greatest at the Core Banks Site (DHigh = 4.61 ± 0.09 m; DLow = 2.15 
± 0.18 m; ± 1 SD), intermediate at the Shackleford Banks Site (DHigh = 2.958 ± 0.146; DLow = 
1.767 ± 0.532; ± 1 SD) and lowest at the Onslow Beach Site (DHigh = 1.440 ± 0.270; DLow = 
0.992 ± 0.282; ± 1 SD; Figure 5; Appendix 3). The average β was highest at the Shackleford 
Banks Site, intermediate at the Onslow Beach Site and lowest at the Core Banks Site (Figure 6). 
The lower dune elevations and beach slopes at the Onslow Beach Site, as compared to the other 
sites, is the result of a large washover fan that formed following Hurricane Irene in August 2011 
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(VanDusen et al., 2016; Theuerkauf and Rodriguez, 2017). At all sites β, DLow, and DHigh do not 
change in a consistent manner through time, rather, measurements increase and decrease over the 
study periods (Figure 5). Additionally, the Core Banks Site showed the least overall variability in 
DHigh, DLow, and β as compared to Shackleford Banks and Onslow Beach (Figure 6). 
 
Figure 6. Average beach slope (β) ±1 SD (blue circles) of all slope data measured in this study 
(green circles). Slope data obtained from NOAA digital coast for available years from 1996-2016 
(purple squares) are also shown. See Appendix 4 for additional information.  
 
During our event time periods, we calculated the non-dimensional Iribarren Number (ξ0), 
parameterized as β/ (H0/L0)1/2, to characterize the beaches as dissipative, intermediate, or 
reflective (Battijes, 1974; Senechal et al., 2011). Commonly, dissipative beaches are defined as, 
ξ0 < 0.3, and intermediate and reflective beaches (grouped together) have ξ0 > 0.3 (Wright and 
Short, 1983; Ruggiero et al., 2001; Stockdon et al., 2006; Senechal et al., 2011). For this study, 
we defined intermediate beaches as having ξ0 between 0.3-1.25, and reflective beaches as ξ0 > 
1.25 (Figure 7). The Iribarren numbers for the Core Banks Site was slightly above and below the 
0.3 threshold (average ξ0 = 0.359 ± 0.167; 1SD) but we refer to that site as being a dissipative 
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beach. Average ± 1 SD Iribarren numbers for Shackleford Banks (1.075 ± 0.406) and Onslow 
Beach (1.476 ± 1.565) sites indicate intermediate and reflective beaches, respectively. Although 
Onslow Beach had a lower average slope as compared to Shackleford Banks, its higher average 
Iribarren number and classification as a reflective beach is a result of large waves during the 
Hurricane Sandy event (October 24-29, 2012; Figures 7 and 10).  
 
Figure 7. The Iribarren number was calculated at each site using the most recent beach 
morphology data and H0 and L0 values from SWAN results extracted at the nodes (see Figure 1). 
Despite the high variability of ξ0 at and among the sites, we designated the sites as being overall 
dissipative, intermediate, and reflective based on their average ξ0 values. 
 
To evaluate if the beach morphology we measured at each site was unique to our 
observation periods, we extracted the same topographic profiles from historic surveys provided 
by NOAA Digital Coast (1996-2016; Figure 6 and Table 1). During this study period, elevations 
of DHigh were on average 1.15 m (28.5 %) and 0.48 m (17.6 %) higher and 0.78 m (42.6 %) lower 
than the previous two decades at Core Banks, Shackleford Banks, and Onslow Beach, 
respectively (Table 1). The large percent difference in DHigh at Onslow Beach was the result of 
large storms eroding through the relatively narrow dune line. At the Core Banks and Shackleford 
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Banks sites, the average beach slope calculated in 2017 was ~0.02 lower and within the error of 
the average beach slope ± 1 SD calculated from the NOAA Digital Coast data over the past 17 
years (0.043 ± 0.009), and 18 years (0.100 ± 0.037), respectively.  
At the Onslow Beach Site, the average slope calculated using our data from 2012-2014 
was ~0.02 higher than the calculated average beach slope ± 1 SD over 20 years from the NOAA 
Digital Coast data (0.036 ± 0.015). The historical beach slopes and dune crest elevations 
measured from the NOAA Digital Coast dataset showed larger variances than our dataset (Figure 
6), which was likely due to those historical data commonly being obtained following major 
storm events such as Hurricanes Floyd (1999), Irene (2011), Sandy (2012), and Matthew (2016) 
and based on lower resolution airborne LiDAR data (± 0.20 m vertical). The historical dataset 
shows similar beach-slope trends where the Core Banks Site has the tallest dunes and lowest and 
least variable beach slopes, as compared to the Shackleford Banks and Onslow Beach sites, 
suggesting beach classifications of dissipative, intermediate and reflective have been consistent 





















and this Analysis) 
Core Banks 2.7, 3.5, 4.5 1.6, 2.1, 2.4 1.8, 1.2, 0.3 0.4, 0.1, 0.0 
Shackleford 
Banks 1.7, 2.5, 2.9  0.7, 1.3, 1.9 1.1, 0.5, 0.3 0.1, 0.4, 0.6 
Onslow 
Beach 1.4, 2.2, 3.0 0.5, 1.2, 1.6 0.7, 0.8, 1.2 0.1, 0.2, 0.3 
Table 1. Comparison of the minimum, average, and maximum DHigh and DLow from the NOAA 








3.2 Predicting Collision 
 
 Collision and overwash events were identified by inspecting the beach photos, and their 
durations were defined as extending from the first day collision and/or overwash was observed or 
predicted, to when the beach impact regime returned to swash. We captured 10 events in total 
and the events ranged from 1-6 days in duration (Table 2). All of the events observed during the 
time we had instruments and cameras deployed at Core and Shackleford banks were included in 
the study (Events 3-10); however, we had to limit events at Onslow Beach to include only 
Hurricanes Isaac (August 26-31; Event 1) and Sandy (October 24-29; Event 2) because at the 
time Onslow Beach was surveyed ADCIRC + SWAN data was only being archived for 
Hurricanes. The Onslow Beach Site experienced overwash during Event 1 even though 
Hurricane Isaac had minimal impact on the North Carolina coast. The storm mainly impacted the 
Gulf of Mexico, but since the Onslow Beach Site was within the ADCIRC + SWAN model 
domain, we had access to wave and water-level outputs. Events 4 and 5 produced collision 
events at both Core and Shackleford banks. These events during September 15-19, and 
September 23-27 were from Hurricane Irma (Event 4) and hurricanes Jose and Maria (Event 5), 
respectively. In addition to those hurricanes, six short-duration (1-3 day) periods of collision 
(events 3 and 6-10) occurred at the Shackleford Banks Site that were the result of onshore 
directed wind and high tide (Table 2; Figure 10). Topography data were collected an average of 








# Event Location  Event Date Range  





1 Onslow Beach August 26-31 2012 47 Hurricanes Isaac  
2 Onslow Beach October 24-29 2012 1 Hurricane Sandy 
3 Shackleford Banks August 29 2017 46 Wind 
4 Shackleford Banks & Core Banks  September 15-19 2017 3 
Hurricane 
Irma  




6 Shackleford Banks October 24 2017 5 Wind 
7 Shackleford Banks November 19 2017 31 Wind 
8 Shackleford Banks December 12 2017 62 Wind 
9 Shackleford Banks March 7 2018 79 Wind 
10 Shackleford Banks March 28-30 2018 100 Wind 
Table 2. The 10 event time periods included in this analysis, the number of days before each 
event that topography data was collected, and the principle driver for each event.  
 
Using the most recent measurements of β, we calculated RHigh every hour, compared 
RHigh with DLow and DHigh to determine the predicted impact regime, and compared that predicted 
impact regime with the photographic record (Figures 8 and 9). We evaluated the accuracy of 
predicting collision at the daily time scale; therefore, if RHigh reached or exceeded the DLow 
elevation at any time during a given day, predicted collision and overwash was recorded, and 
compared with camera photos. 
The impact regime was underpredicted when collision was recorded in the photos, but 
RHigh was < DLow (swash regime), and when overwash was recorded in the photos and DLow < 
RHigh < DHigh (collision regime). This occurred for four days at Shackleford Banks (E6, E8 and 
E10) and one day at Onslow Beach (E1; Figure 10). The impact regime was overpredicted when 
swash was recorded in the photos but RHigh was > DLow or DHigh (collision or overwash regimes), 
and when collision was recorded in the photos but RHigh was > DHigh (overwash regime). This 
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occurred for three days on Core Banks, 10 days on Shackleford Banks, and 3 days on Onslow 
Beach (E1, E2, E4, E5, Figure 10).  
During photo-documented collision and overwash events, the loggers did not always 
record a water level > DLow because they could not capture the maximum elevation of wave 
runup (Figures 8 and 9), due to their low sampling rate (5 minutes) and their placement on the 
backshore (Core Banks), foreshore (Shackleford Banks), or behind the dunes (Onslow Beach) at 
a lower elevation than DLow. The photographs were used to identify collision events while the 
logger data set was used only to help determine the proximity of RHigh to DLow, which is the 
threshold of changing the impact regime from swash to collision. For example, when the photo-
documented impact-regime transition from swash to collision is identified in the logger data as 
water level < DLow, that indicated that the additional runup component, which was not measured 
by the logger, crossed the impact-regime, and the event was close to the threshold for collision. 
When the logger recorded water levels > DLow, that indicated that tide + storm surge exceeded 
the threshold for collision. 
The sites at Core and Shackleford banks are nearby but during events 3-5, Rhigh varied 
between those sites, largely due to differences in shoreline orientation (Figures 8 and 9). Event 3 
only occurred at the Shackleford Banks Site. During that event, the tide measured at the Beaufort 
Gauge 8656483 was 0.32 m above predicted and strong southerly winds (6.7-10.3 m sec-1) raised 
the water level above DLow at Shackleford Banks and the impact regime shift from swash to 
collision was captured in RHigh, camera photos, and water-level logger data (Figure 8C). Notably, 
collision neither occurred nor was predicted at the east-facing Core Banks Site. Both Core and 
Shackleford banks were predicted to experience collision and overwash, respectively, during 
Event 4 (Hurricane Irma) and Event 5 (Hurricanes Jose and Maria) (Figures 8A, 8B, and 10). In 
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reality, the sites only experienced collision that was close to the threshold between swash and 
collision (Figures 8A, 8B, and 10). The Core Banks Site experienced collision and the 
Shackleford Banks Site experienced swash at the end of Event 5 on September 26, but the sites 
were predicted to be in collision and overwash, respectively. (Figures 8A, 8B, and 10). The 
differences in the impact regime experienced by Core and Shackleford Banks on September 26, 
were due to the strong (12.3-18.0 m sec-1) north-northeasterly wind direction that increased and 
decreased surge at the Core and Shackleford Banks sites, respectively; however, those 
differences were not captured in RHigh (Figure 8A and 8B).  
At Shackleford Banks on average DHigh is 35% lower and β is 196% higher than Core 
Banks. Those morphologic differences make the threshold for the occurrence of collision and 
overwash at Shackleford Banks lower than Core Banks, and Shackleford Banks experienced 
more events that caused collision than Core Banks. The calculation of R2% is sensitive to β 
making RHigh more likely to overpredict the storm impact regime during storms associated with 
large waves at sites with a high β, like Shackelford Banks where the impact regime was 
consistently overpredicted during events 4 and 5 that corresponded to hurricanes passing along 
the site (Figure 10). In addition to differences in beach morphology, overprediction at 
Shackleford Banks could be due to changes in wave direction and water levels around the Cape 
Lookout Bight, that are not captured at the offshore node where we sampled the ADCIRC + 


















Figure 8. Examples of daily hindcast collision predictions (RHigh) compared to observed 
collision time periods at Core Banks and Shackleford Banks using the most recent beach 
morphology. Regime Transition accuracy (RTa) values were calculated at the time collision was 




Overwash and swash were the only impact regimes identified on the photos and logger 
data at Onslow Beach (Figures 9 and 10) because the average elevation of DHigh and DLow was 
only 1.44 and 0.992 m NAVD88, respectively (mean high water is ~0.43 m NAVD88) and β is 
relatively high (Figure 6), making the threshold for overwash low. During events 1 and 2, 
overwash was observed and predicted for four days during each event, as Hurricanes Isaac 
(Event 1) and Sandy (Event 2) passed landward and seaward of the site, respectively (Figure 10). 
Dune erosion during Event 1, decreased the elevations of DHigh and DLow making the site even 




Figure 9. Example of daily hindcast predictions compared to observed time periods during 
Hurricane Isaac at Onslow Beach. Unlike at the sites on Core Banks and Shackleford Banks, 
overwash (not collision) was observed for this event. Regime Transition accuracy (RTa) values 
were calculated at the time overwash was first observed at the sites using DHigh - Rhigh (shown in 





Figure 10. The 10 events when collision or overwash was predicted or observed are grouped by 
site from north to south. The daily range of RHigh during the events (delineated as vertical bars) is 
compared to changing DHigh and DLow elevations at the sites (delineated as horizontal yellow bars 
depicting dune relief). The uncertainty in RHigh is not included in the daily range. The letters on 
the RHigh daily range bars indicate the largest impact regime observed in the photos for that day 
(S= Swash, C= Collision, O= Overwash). The color of the RHigh daily range bars indicate that 
total water elevation was overpredicted (purple), underpredicted (green), and correctly predicted 
(black).  
 
3.2.1 Collision Prediction Accuracy  
 The accuracy of predicting collision by comparing RHigh and DLow was assessed using a 
presence/absence model of sensitivity and predictive power reported as a percent (Fielding and 
Bell, 1997; Congalton and Green, 1999; Stockdon et al., 2007). Sensitivity is the probability that 
collision will occur and is calculated as the ratio between the number of days collision was 
predicted correctly (when observational data and predicted data showed collision on the same 
day) versus the total number of days collision was observed (Stockdon et al., 2007). The 
predictive power measures the predictive capabilities of the wave runup model and is calculated 
as the ratio between the number of days collision was predicted correctly versus the total number 
of days collision was predicted (Stockdon et al., 2007). On some days when collision was 
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observed, calculated RHigh increased above DLow and DHigh leading to prediction of overwash 
regime impact. While the model accurately predicted that collision occurred on these days 
(because the collision regime is a precursor to the overwash regime), this represents an 
overprediction. To account for this, we calculated sensitivity and predictive power using two 
different approaches. The first approach includes days when collision was observed and DLow < 
RHigh < DHigh (only collision predicted). The second approach includes days when collision 
and/or overwash impact regimes were observed and DLow < RHigh (collision and/or overwash 
predicted), which is particularly useful at Onslow Beach where collision itself was never 
observed as an endpoint regime. To examine the impact of changing beach morphology on 
model sensitivity and predictive power, we calculated RHigh during the events with the most 
recent, lowest, average, and highest β measured while the sites were instrumented. We are also 
not explicitly accounting for model uncertainty when calculating sensitivity and predictive 
power. 
 At Core Banks, the sensitivity of the storm impact scaling model was consistently 100%, 
regardless of β, indicating that every day collision was observed RHigh was > DLow and the model 
correctly predicted collision (Table 3). The predictive power of the storm impact scaling model 
at Core Banks was consistently 67%, despite a changing β, because three of the nine days 
collision was predicted, the site was in the swash impact regime (Table 3 and Figure 10). During 
those three days when the model overpredicted collision using the most recent values of β, RHigh 
was only between 0.39 and 0.26 m above DLow, well within the uncertainty of the model. At the 
Onslow Beach Site, model sensitivity and predictive power for the collision impact regime was 
consistently zero because collision was never observed in the photos at that site (because 
overwash removed evidence of it). When the overwash impact regime was included in the 
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assessment, sensitivity and predictive power at the Onslow Beach Site was 100% and 75%, 
respectively, and invariant with changes in β (Table 3). The lower predictive power at Onslow 
Beach was due to RHigh slightly overpredicting the impact regime for three days and 
underpredicting the impact regime for one day (Figure 10). These mismatches were within 0.10 
and 0.13 m of the overwash impact regime thresholds (DHigh and DLow) when the most recent β 
was used and within the uncertainty of the model.  
 At Shackleford Banks, model sensitivity and predictive power was generally lower than 
the other sites, and degraded as RHigh was calculated with different values of β from a high of 
42% and 83%, respectively, using the most recent β. The model commonly overpredicted the 
observed swash and collision impact regimes during events 4 and 5 from 0.11 m to 2.58 m above 
the regime threshold (DLow) and underpredicted the collision impact regime during events 6, 8, 
and 10 from 0.16 m to 0.30 m below DLow when the most recent β was used. Events 4 and 5 were 
associated with hurricanes passing by the site, and RHigh overpredictions are up to three times 
greater than the uncertainty in the model. When predictions of collision and overwash were 





















Predictive Power2  
Most Recent Slope 
Core Banks   6/6 = 100% 6/9 = 67% 6/6 = 100% 6/9 = 67% 
Shackleford 
Banks  5/12 = 42% 5/10 = 83% 9/12 = 75% 9/15 = 60% 
Onslow Beach  N/A N/A 9/9= 100% 9/12 = 75% 
Lowest Slope 
Core Banks  6/6 = 100% 6/9 = 67% 6/6 = 100% 6/9 = 67% 
Shackleford 
Banks  5/12 = 42% 5/8 = 63% 5/12 = 42% 5/8 = 63% 
Onslow Beach  N/A N/A 9/9 = 100% 9/12 = 75% 
Average Slope 
Core Banks  6/6 = 100% 6/9 = 67% 6/6 = 100% 6/9 = 67% 
Shackleford 
Banks  3/12 = 25% 3/6 = 50% 7/12 = 58% 7/13 = 54% 
Onslow Beach  N/A N/A 9/9 = 100% 9/12 = 75% 
Highest Slope 
Core Banks  6/6 = 100% 6/9 = 67% 6/6 = 100% 6/9 = 67% 
Shackleford 
Banks  5/12 = 42% 5/8 = 63% 12/12 = 100% 12/21 = 57% 
Onslow Beach  N/A N/A 9/9 = 100% 9/12 = 75% 
Table 3. The sensitivity1 and predictive power2 of collision predictions and collision + overwash 
predictions using the most recent slope, average slope, lowest slope, and highest slopes as shown 





4.1 Crossing Impact Regime Thresholds 
 
 Predicting when beaches will experience collision, and likely dune erosion, is important 
for coastal communities that rely on dunes for protection from coastal flooding. The utility of the 
storm impact scaling model increases with its predictive power, and an understanding of its 
limitations. Using the most contemporaneous β obtained prior to an event, the storm impact 
scaling model overpredicted and underpredicted the impact regime by less than 0.40 m, except 
during events 4 and 5 at Shackleford Banks when overprediction was much higher (Figure 10). 
Most of the time RHigh overpredicted or underpredicted the impact regime within the 1.42-0.36 m 
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error estimate, but it is likely that accuracy varies with changes in weather, such as a hurricane 
moving up the coast (events 2, 4, and 5) versus localized strong onshore winds. Model accuracy 
could be measured directly from remotely-sensed observations of runup at the sites, but our 
water-level loggers could not record maximum runup elevations and elevation information could 
not be extracted from the photos. Photos were collected (every 5 minutes at Core and 
Shackleford banks and every 2 minutes at Onslow Beach) during the events and captured the 
time when runup first impacted the dune toe and the swash impact regime transitioned to the 
collision impact regime. At that time, the total water elevation should equal DLow; therefore, DLow 
- RHigh at the time of the regime transition from swash to collision provides some independent 
indication of model accuracy (Regime Transition accuracy; RTa), with negative and positive 
values being overprediction and underprediction, respectively (Figures 8 and 9; Table 4). 
Similarly, at the Onslow Beach Site the transition from the swash impact regime to the overwash 
impact regime was captured in our observations and RTa = DHigh - Rhigh. The regime transition 
was not always captured in our observations at the sites because sometimes it corresponded with 
dawn or dusk, when the camera was not operating. 
 The average absolute value of RTa for all observations was 0.78 m, which is close to the 
midpoint value of the RHigh error estimate based on comparisons of ADCIRC+ SWAN and 
NOAA gauge and buoy measurements (0.89 m; see methods). The average absolute value of 
RTa during events 1 and 2 at Onslow Beach was 0.27 m and 1.31 m, respectively. Event 1 was 
caused by an onshore-directed wind event (average wind speed 4.2 m sec-1 and Hs 1.3 m) from 
Hurricane Isaac passing far inland of the site, while the larger RTa during Event 2 was due to 
Hurricane Sandy passing offshore of the site with a Hs of 4.65 m in Onslow Bay and offshore 
directed winds of 10.8 m sec-1 (information from NOAA Buoy 41159). During events 4 and 5 
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caused by Hurricanes at Shackleford Banks RTa ranged from 1.29 to 2.13 m, but the events not 
associated with large storms such as 3, 6, 8, 9, and 10 had much lower average values of RTa 
ranging from 0.26 m to 0.91 m. Unlike Shackleford Banks, Event 5 at Core Banks had an 
average RTa of only 0.44 m. Although the average value of RTa (0.78 m) for all events was 
within the error estimate based on comparisons of NOAA and ADCIRC + SWAN, at 
Shackleford Banks and Onslow Beach, the storm impact scaling model is less accurate during 
large storms then it is during smaller events. But because the model tends to overpredict RHigh 
into the overwash impact regime during the large storms we observed, it is still useful in 
indicating that collision occurred. If RTa were taken into account with the maximum daily RHigh 
values during events 6, 8, and 10, then the model would have correctly predicted collision as 
opposed to swash, because RHigh was within the RTa of the threshold elevation between the 














Event # Event Location  Event Day 
DHigh - RHigh Regime Shift 
(m) 
1 Onslow Beach August 26 2012 0.12 
1 Onslow Beach August 27 2012 -0.54 
1 Onslow Beach August 28 2012 0.56 
1 Onslow Beach August 29 2012 -0.15 
1 Onslow Beach August 30 2012 0.00 
2 Onslow Beach October 26 2012 -0.87 
2 Onslow Beach October 27 2012 -1.60 
2 Onslow Beach October 29 2012 -1.46 
Event # Event Location  Event Day DLow - RHigh Regime (m) 
3 Shackleford Banks August 29 2017 0.26 
4 Shackleford Banks  September 17 2017 -1.78 
5 Shackleford Banks  September 23 2017 -1.29 
5 Shackleford Banks  September 24 2017 -1.61 
5 Shackleford Banks  September 25 2017 -2.13 
5 Core Banks  September 24 2017 -0.38 
5 Core Banks  September 25 2017 -0.35 
5 Core Banks  September 26 2017 -0.60 
6 Shackleford Banks October 24 2017 0.46 
8 Shackleford Banks December 12 2017 0.46 
9 Shackleford Banks March 7 2018 0.35 
10 Shackleford Banks March 28 2018 -0.41 
10 Shackleford Banks March 29 2018 0.91 
10 Shackleford Banks March 30 2018 0.86 
Table 4. Regime Transition accuracy (RTa) for possible events. The RTa calculation methods 
can be found in Figures 8 and 9. 
 
4.2 Storm Impact Scaling Model Across Beach Classifications 
 The storm impact scaling model predicted the occurrence of collision better at the Core 
Banks Site than the Shackleford Banks Site, despite the predictive power consistently being 
67%, because RHigh at the Core Banks Site never underpredicted the impact regime and the three 
days of overprediction were always within the uncertainty of the model. Although DLow was 
similar at Core and Shackleford Banks, as a dissipative beach, Core Banks was more resistant to 
collision than Shackleford Banks and did not experience an impact regime shift during events 3 
and 6-10. The dunes at the Onslow Beach site had the lowest relief (0.28 and 0.24 m) and DLow 
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(1.22 and 0.97 m) making the site highly susceptible to overwash. Although during Event 2 
(Hurricane Sandy) the storm impact scaling model did not overpredict the impact regime at the 
Onslow Beach Site, the large RTa indicates that RHigh was greater than the maximum error (1.42 
m).  
 The storm impact scaling model tends to overpredict total water elevation the most 
during hurricanes at the more reflective Shackleford Banks and Onslow Beach sites than it does 
during smaller events and at dissipative beaches like Core Banks. While some of this 
overprediction can be attributed to uncertainty associated with ADCIRC + SWAN, additional 
uncertainty exists associated with changes in beach morphology that happened since survey data 
were collected and an event occurred. The beach slope at intermediate and lower-end reflective 
beaches, such as Shackleford Banks and Onslow Beach, respectively, is more dynamic than the 
beach slope of dissipative beaches because intermediate and reflective beaches experience a wide 
range of wave heights and continually move sediment between the surfzone and subaerial beach 
(e.g. Short and Hesp, 1982; Ruggiero et al., 2001). 
 The R2% component of RHigh is sensitive to changes in beach slope, and this sensitivity is 
exacerbated with increasing H0 and T (Figure 11). The Shackleford Banks and Onslow Beach 
Sites show much greater variability in beach slope and wave runup than the Core Banks Site 
(Figure 11). For example, over the course of this study, Shackleford Banks experienced R2% 
values between 0.16 and 5.93 m and Onslow Beach showed wave runup values between 0.12 and 
5.23 m (Figure 11). In contrast, the dissipative Core Banks Site showed less variability in beach 
slope and experienced wave runup elevations between 0.12 and 2.78 m, supporting previous 
work showing wave runup at dissipative beaches is less influenced by slope than reflective 
beaches (Ruggiero et al., 2001; Figure 6 and Figure 11). It’s likely that the beach slope at 
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Shackleford Banks and Onslow Beach sites decreased during the hurricane-induced events, such 
as 2, 4, and 5. We used earlier pre-event beach slopes to determine the slope parameter value for 
the storm impact scaling model. These pre-event slopes, were likely steeper than the actual beach 
slope at the time of the event, giving rise to a higher RHigh that overpredicted the total water 
elevation, leading to overprediction of the storm impact regime. Beach slope showed minimal 
variation at the dissipative Core Banks Site, suggesting that pre-event beach slopes were likely 
still relevant during the events, and thus unlikely to contribute additional uncertainty to RHigh. 
 
Figure 11. Wave runup (R2%) versus beach slope comparison using slope and wave 
measurements during events at Core Banks, Shackleford Banks, and Onslow Beach. The three 
wave runup versus beach slope lines represent the lowest (dark blue), average (green), and 
highest (light blue) wave characteristics experienced during all events as compared to the range 
of beach slopes measured at Core Banks, Shackleford Banks, and Onslow Beach, depicted as 
dashed horizontal lines. See Appendix 5 for additional information.  
 
 
5. CONCLUSIONS  
 
Identifying coastal areas that are vulnerable to dune erosion is increasingly important as 
coastal development expands, and the exposure of coastal communities to ocean flooding 
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increases. Storm impact models that accurately predict storm impact regimes are an important 
tool for coastal communities. The frequency at which measurements of β, DLow and DHigh need to 
be obtained, appears to be mainly dependent on beach classification, as areas with steeper slopes 
had correspondingly higher wave runup elevations. Less frequent surveys are acceptable at 
dissipative beaches like the Core Banks Site, where the model sensitivity and predictive power 
was invariant with the small morphologic variations captured throughout our study period. 
Intermediate and reflective beaches, however, require more frequent assessment of beach 
morphology, especially to capture changes in beach slope that occurred during antecedent events. 
The storm impact scaling model tended to overpredict the impact regime during storms with 
large waves, because beach slope likely decreased during the storm and that was not captured in 
model inputs.  
During all instances when RHigh underpredicted the impact regime, it was within the 
uncertainty-value range, which is likely because H0 and T0 were relatively small during those 
events that were not driven by hurricanes and the beach slopes measured prior to the events and 
used in calculating RHigh remained relevant. When RHigh overpredicted the impact regime at the 
Core Banks Site, it was always within the uncertainty range; however, overpredictions at the 
intermediate Shackleford Banks Site exceeded that uncertainty value because beach slope likely 
decreased during the events and waves could have been modified by refraction associated with 
the Cape Lookout spit. The findings of this work suggest that more accurate information on 
beach slope, collected close in time to an event, will improve impact regime predictions for 
intermediate and reflective beaches. Using beach slope values obtained from beach morphology 
models such as XBeach (Roelvink, 2009) or Windsurf (which includes the capability to simulate 
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topographic recovery; Cohn et al., 2019) between field surveys and for forecasted storm 




































Date  Site(s) Collection Method  
January 10th 2012 Onslow Beach Terrestrial laser scanner (DEM) 
May 21st 2012 Onslow Beach Terrestrial laser scanner (DEM) 
July 10th 2012 Onslow Beach Terrestrial laser scanner (DEM) 
September 12th 2012 Onslow Beach Terrestrial laser scanner (DEM) 
October 24th 2012 Onslow Beach Terrestrial laser scanner (DEM) 
November 1st 2012 Onslow Beach Terrestrial laser scanner (DEM) 
December 28th 2012 Onslow Beach Terrestrial laser scanner (DEM) 
February 6th 2013 Onslow Beach Terrestrial laser scanner (DEM) 
May 7th 2013 Onslow Beach Terrestrial laser scanner (DEM) 
September 16th 2013 Onslow Beach Terrestrial laser scanner (DEM) 
November 14th 2013 Onslow Beach Terrestrial laser scanner (DEM) 
January 27th 2014 Onslow Beach Terrestrial laser scanner (DEM) 
March 26th 2014 Onslow Beach Terrestrial laser scanner (DEM) 
May 12th 2014 Onslow Beach Terrestrial laser scanner (DEM) 
October 8th 2014 Onslow Beach Terrestrial laser scanner (DEM) 
April 13th 2017 
Core Banks and 
Shackleford Banks  Unoccupied aerial systems (DEM) 
May 10th 2017 
Core Banks and 
Shackleford Banks  Unoccupied aerial systems (DEM) 
June 14th 2017 
Core Banks and 
Shackleford Banks  Unoccupied aerial systems (DEM) 
July 12th 2017 
Core Banks and 
Shackleford Banks  Unoccupied aerial systems (DEM) 
September 13th 2017 
Core Banks and 
Shackleford Banks  Unoccupied aerial systems (DEM) 
October 19th 2017 
Core Banks and 
Shackleford Banks  Unoccupied aerial systems (DEM) 
December 18th 2017 
Core Banks and 
Shackleford Banks  Unoccupied aerial systems (DEM) 
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Model Variable Observational Data Location ADCIRC + 





NOAA Water Level Gauge: 
Station 8658163 
1523630 (±) 0.162 
Significant Wave 
Height (m) 
NOAA Buoy: Station 41159 1537569 (±) 0.403 
Peak Period (s) NOAA Buoy: Station 41159 1537569 (±) 2.736 
37 
 


























APPENDIX 4: BECAH SLOPES FOR EACH TOPOGRAPHY SURVEY 
 
 
Core Banks (2017) 
Topography Collection Date  
Beach 
Slope  
NOAA Digital Coast 
Topography Collection Date  Beach Slope  
April 13th 2017 0.012 1999 0.031 
May 10th 2017 0.030 2001 0.052 
June 14th 2017 0.022 2005 0.033 
July 12th 2017 0.020 2011 0.049 
September 13th 2017 0.025 2012 0.039 
October 19th 2017 0.041 2014 0.048 
December 18th 2017 0.038 2016 0.050 
Average  
0.028 ± 
0.009 Average  0.043 ± 0.009 
    
Shackleford Banks (2017) 
Topography Collection Date  
Beach 
Slope  
NOAA Digital Coast 
Topography Collection Date  Beach Slope  
April 13th 2017 0.057 1998 0.161 
May 10th 2017 0.043 1999 0.082 
June 14th 2017 0.066 2000 0.094 
July 12th 2017 0.087 2001 0.095 
September 13th 2017 0.133 2005 0.044 
October 19th 2017 0.105 2011 0.148 
December 18th 2017 0.086 2012 0.075 
Average  
0.083 ± 
0.031 2014 0.082 
  2016 0.121 
  Average  0.100 ± 0.037 
    
Onslow Beach (2012-2014) 
Topography Collection Date  
Beach 
Slope  
NOAA Digital Coast 
Topography Collection Date  Beach Slope  
January 10th 2012 0.068 1996 0.020 
May 21st 2012 0.016 1998 0.037 
July 10th 2012 0.098 1999 0.023 
September 12th 2012 0.077 2001 0.053 
October 24th 2012 0.070 2005 0.037 
November 1st 2012 0.045 2010 0.030 
December 28th 2012 0.041 2014 0.023 
February 6th 2013 0.115 2016 0.063 
May 7th 2013 0.050 Average  0.036 ± 0.015 
September 16th 2013 0.104   
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November 14th 2013 0.097   
January 27th 2014 0.023   
March 26th 2014 0.032   
May 12th 2014 0.061   
October 8th 2014 0.075   
Average  
0.065 ± 



























APPENDIX 5: ADCIRC + SWAN SIGNIFICANT WAVE HEIGHT AND PEAK PERIOD 
 
Core Banks   
Lowest Significant Wave Height (m) 0.669  
Average Significant Wave Height (m) 2.973  
Highest Significant Wave Height (m) 5.297  
Lowest Peak Period (s) 6.342  
Average Peak Period (s) 13.77  
Highest Peak Period (s) 16.64  
Shackleford Banks  
Lowest Significant Wave Height (m) 0.421  
Average Significant Wave Height (m) 1.786  
Highest Significant Wave Height (m) 4.160  
Lowest Peak Period (s) 3.028  
Average Peak Period (s) 9.193  
Highest Peak Period (s) 17.22  
Onslow Beach   
Lowest Significant Wave Height (m) 0.112  
Average Significant Wave Height (m) 1.039  
Highest Significant Wave Height (m) 3.894   
Lowest Peak Period (s) 1.540  
Average Peak Period (s) 10.24  
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